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Abstract Microfabricated cantilevers have been used in atomic force microscopy for the
topography imaging of non-conductive surfaces for more than 20 years. Cantilever beams
without tips have proved their applicability in recent years as miniaturized, ultrasen-
sitive, and fast-responding sensors for applications in chemistry, physics, biochemistry,
and medicine. Microcantilever sensors respond by bending due to the absorption of
molecules. A shift in resonance frequency also occurs. They can be operated in different
environments such as gaseous environment, liquids, or vacuum. In gas, microcantilever
sensors can be operated as an artificial nose, whereby the bending pattern of a microfab-
ricated array of eight polymer-coated silicon cantilevers is characteristic of the different
vapors from solvents, flavors, and beverages. When operated in a liquid, microcantilever
sensors are able to detect biochemical reactions. Each cantilever is functionalized with
a specific biochemical probe receptor, sensitive for detection of the corresponding tar-
get molecule. Applications lie in the fields of label- and amplification-free detection of
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DNA hybridization, the detection of proteins as well as antigen-antibody reactions, and
the detection of larger entities, such as bacteria and fungi.
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Abbreviations
AFM Atomic force microscopy
CMC Carboxymethyl cellulose
CMOS Complementary metal oxide semiconductor
DDT Dichlorodiphenyltrichloroethane
DIMP Diisopropyl methyl phosphonate
DMMP Dimethylmethylphosphonate
DNA Deoxyribonucleic acid
DNT Dinitrotoluene
HPC Hydroxypropyl cellulose
HPLC High Performance Liquid Chromatography
PAAM Poly(allylamine)
PC Personal computer
PCA Principal component analysis
PEEK Poly-etheretherketone
PEI Polyethylenimine
PEO Poly(2-ethyl-2-oxazoline)
PETN Pentaerythritol tetranitrate
PSA Prostate-specific antigen
PSD Position sensitive detector
PSS Polystyrenesulfonate
PVP Polyvinylpyrrolidone
PZT Lead zirconium titanate
RDX Hexahydro-1,3,5-triazine
QCM Quarz crystal microbalance
SPR Surface plasmon resonance
TNT Trinitrotoluene
VCSEL Vertical cavity surface emitting laser
VOC Volatile organic compound

1
Introduction to Microcantilever Sensors

1.1
Historical Development

Measurement of adsorption-induced bending or a change in resonance fre-
quency using beams of silicon as sensors was already described in literature
in 1968, by Wilfinger et al. [1], who detected resonances in large silicon
cantilever structures of 50 mm×30 mm×8 mm. Actuation was realized by lo-
calized thermal expansion in diffused resistors (piezoresistors) located near
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the cantilever support to create a temperature gradient for driving the can-
tilever at its resonance frequency. Similarly, the piezoresistors could also be
used to monitor mechanical deflection of the cantilever. Heng [2] fabricated
in 1971 gold microcantilevers capacitively coupled to microstrip lines for the
mechanical trimming of high-frequency oscillator circuits. Petersen [3] con-
structed in 1979 cantilever-type micromechanical membrane switches made
from silicon designed to bridge the gap between silicon transistors and me-
chanical electromagnetic relays. Kolesar [4] suggested in 1985 the use of
cantilever structures as electronic detectors for nerve agents.

Since the advent of atomic force microscopy (AFM) in 1986 [5] micro-
fabricated cantilevers have become easily commercially available, triggering
research reports on the use of microcantilevers as sensors. In 1994, Itoh
et al. [6] presented a microcantilever coated with a thin film of zinc-oxide
with piezoresistive deflection readout. Cleveland et al. [7] reported the track-
ing of cantilever resonance frequency to detect nanogram changes in mass
loading when small particles are deposited onto AFM probe tips. Gimzewski
et al. [8] showed the first chemical sensing applications, in which static can-
tilever bending revealed chemical reactions, such as the platinum-assisted
catalytic conversion of hydrogen and oxygen into water at very high sensi-
tivity. Thundat et al. [9] demonstrated that the resonance frequency as well
as the static bending of microcantilevers is influenced by changing ambi-
ent conditions, such as moisture adsorption. Furthermore, they found that
the deflection of metal-coated cantilevers is also thermally influenced (the
bimetallic effect). Later, Thundat et al. [10] observed changes in the reson-
ance frequency of microcantilevers due to the adsorption of analyte vapor
on exposed surfaces. The frequency changes are due to mass loading or
adsorption-induced changes in the cantilever spring constant. By coating
cantilever surfaces with hygroscopic materials, such as phosphoric acid or
gelatin, the cantilever can sense water vapor at picogram mass resolution.

1.2
Measurement Principle

1.2.1
Concept

Microcantilevers as sensors, unlike AFM cantilevers, neither need a tip at
their apex nor a sample surface. The microcantilever surfaces serve as sen-
sors, in particular, to detect the adsorption of molecules taking place on these
surfaces. The generation of surface stress is monitored, eventually resulting in
the bending of the microcantilever, if the adsorption preferentially occurs on
one of its surfaces. Selective adsorption is controlled by coating one surface
(typically the upper surface) of a microcantilever with a thin layer of a mate-
rial that shows an affinity to molecules in the environment (sensor surface).
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Fig. 1 a Schematic drawing of a microcantilever with its lower surface passivated and it
upper surface functionalized for recognition of target molecules, b downward bending
of a microcantilever due to compressive surface stress, c upward bending due to tensile
surface stress

We call this surface the “functionalized” surface of the microcantilever (see
Fig. 1a). The other surface of the cantilever (typically the lower surface) may
be left uncoated or can be coated with a passivation layer, which is either inert
or does not exhibit significant affinity to the molecules in the environment to
be detected. To establish functionalized surfaces, often a metal layer is evap-
orated onto the surface designed as a sensor surface. Metal surfaces, such as
gold, may be used to covalently bind a monolayer constituting the chemical
surface sensitive to the molecules to be detected. Often, a monolayer of thiol
molecules, offering defined surface chemistry, is covalently bound to a gold
surface. The gold layer also serves as a reflection layer if the bending of the
cantilever is read out optically.

1.2.2
Compressive and Tensile Stress

Adsorption of molecules on the upper (functionalized) surface will result in
a downward bending of the microcantilever due to the formation of surface
stress. We will call the surface stress “compressive” (see Fig. 1b), because the
adsorbed layer of molecules (e.g., a monolayer of alkylthiols) produces a down-
ward bending of the microcantilever away from its functionalized side. If the
opposite situation occurs, i.e., when the microcantilever bends upwards, we
would speak of “tensile stress” (see Fig. 1c). If both the upper and the lower
surface of the microcantilever are exposed to surface stress changes, then the
situation will be much more complex, as a predominant compressive stress for-
mation on the lower microcantilever surface might appear as tensile stress on
the upper surface. For this reason, it is extremely important to properly pas-
sivate the lower surface so that, ideally, no processes take place on the lower
surface of the microcantilever. Various strategies can be used to passivate the
lower surface of microcantilevers. For biochemical systems, the application of
a thin layer of 2-[methoxy-poly(ethyleneoxy)propyl]trimethoxysilane will cre-
ate a pegylated surface that is almost inert towards the adsorption of biological
layers. For the detection of gases, coating with a gold layer will passivate the sur-
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face. For the recognition of solvent vapors, coating with a fluorinated polymer
layer will serve as a non-reactive layer. The actual experiment will show whether
the passivation layer was really efficient, as such passivated cantilevers will not
show a substantial bending response upon exposure to an analyte.

1.2.3
Differential Measurements

Single microcantilevers may bend due to thermal drift or an interaction with
their environment, in particular if operated in a liquid. Furthermore, non-
specific physisorption of molecules on the cantilever surface or nonspecific
binding to receptor molecules during measurements may contribute to the
drift.

To exclude such influences, the simultaneous measurement of reference mi-
crocantilevers aligned in the same array as the sensing microcantilevers is
crucial [11]. The difference in signals from the reference and sensor microcan-
tilevers yields the net bending response, and even small sensor signals can be
extracted from large microcantilever deflections without being dominated by
undesired effects. When only single microcantilevers are used, no thermal-drift
compensation is possible. To obtain useful data under these circumstances,
both microcantilever surfaces have to be chemically well-defined. One of the
surfaces, typically the lower one, has to be passivated; otherwise, the micro-
cantilever response will be convoluted with undesired effects originating from
uncontrolled reactions taking place on the lower surface. With a pair of mi-
crocantilevers, reliable measurements are obtained. One of them is used as the
sensor microcantilever (coated typically on the upper side with a molecule layer
that shows affinity to the molecules to be detected), whereas the other micro-
cantilever serves as the reference. It should be coated with a passivation layer
on the upper surface so as not to exhibit affinity to the molecules to be detected.
Thermal drifts are cancelled out if difference responses, i.e., the difference
in deflections of sensor and reference microcantilevers are taken (differential
measurements). Alternatively, both microcantilevers are used as sensors (sen-
sor layers on the upper surfaces), and the lower surface has to be passivated.
It is best to use an array of microcantilevers, in which some are used either as
sensor or as reference microcantilevers so that multiple difference signals can
be evaluated simultaneously. Thermal drift is cancelled out as one surface of
all microcantilevers, typically the lower one, is left uncoated or coated with the
same passivation layer.

1.2.4
Deflection Measurement

The bending response of the microcantilever due to adsorption of molecules
onto the functional layer is caused by stress formation at the interface be-
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tween the functional layer and the forming molecular layer. Because the
forces within the functional layer try to keep the distance between molecules
constant, the cantilever beam responds by bending because of its extreme
flexibility. The quantity describing the flexibility of the microcantilever is its
spring constant k. For a rectangular microcantilever of length l, thickness t
and width w the spring constant k is calculated as follows:

k =
Ewt3

4l3
, (1)

where E is Young’s modulus (ESi = 1.3×1011 N/m2 for Si(100)).
The microcantilever bends as a response to the formation of surface stress

caused by the adsorption of a molecular layer. In its simplest case, the shape
of the bent microcantilever can be approximated as part of a circle with ra-
dius R. This radius of curvature is given by [12, 13]

1
R

=
6(1 – ν)

Et2 . (2)

The resulting surface stress change is described using Stoney’s formula [12]:

∆σ =
Et2

6R(1 – ν)
, (3)

where E is Young’s modulus, t the thickness of the cantilever, ν the Poisson’s
ratio (νSi = 0.24), and R the bending radius of the cantilever.

The deflection of microcantilever sensors can be measured in various
ways. They differ in the sensitivity, the effort for alignment and setup, the
robustness and ease of readout, and in the potential for miniaturization.

1.2.4.1
Piezoresistive Readout

Piezoresistive microcantilevers [6, 14] are usually U-shaped and have diffused
piezoresistors in both of the legs close to the fixed end. The resistance in
the piezoresistors is measured using a Wheatstone bridge circuit with three
reference resistors, of which one is adjustable. The current flowing between
the two branches of the Wheatstone bridge is first nulled by changing the
resistance of the adjustable resistor. If the microcantilever bends, the piezore-
sistor changes its value and a current will flow between the two branches of
the Wheatstone bridge. The current is converted via a differential amplifier
into a voltage, which is proportional to the deflection value. For dynamic-
mode measurement, the piezoresistive microcantilever is externally actuated
via a piezocrystal driven by a frequency generator. The ac actuation voltage
is fed as reference voltage into a lock-in amplifier and compared with the re-
sponse of the Wheatstone bridge circuit allowing to sweep resonance curves
and to determine shifts in resonance frequency.
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1.2.4.2
Piezoelectric Readout

Piezoelectric microcantilevers [15] are driven via the inverse piezoelectric
effect (self-excitation) by applying an electric ac voltage to the piezoelec-
tric material (PZT or ZnO). Sensing of bending is performed by recording
the piezoelectric current change taking advantage of the fact that the PZT
layer produces a sensitive field response to weak stress through the direct
piezoelectric effect. Piezoelectric microcantilevers are multilayer structures
consisting of a SiO2 cantilever and the PZT piezoelectric layer. Two electrode
layers, insulated from each other, provide electrical contact. The entire struc-
ture is protected using passivation layers. An identical structure is usually
integrated into the rigid chip body to provide a reference for the piezoelectric
signals from the cantilever.

1.2.4.3
Optical (Beam-Deflection) Readout

The most frequently used approach to read out microcantilever deflections
is optical beam deflection [16], because it is a comparatively simple method
with an excellent lateral resolution.

The actual cantilever deflection ∆x scales with the cantilever dimensions;
therefore, deflection responses should be expressed in terms of surface stress
∆σ in N/m to be able to compare cantilever responses acquired with differ-
ent setups. Various strategies to convert beam deflection signals into stress
are described in the literature [17, 18]. Surface stress takes into account the
cantilever material properties, such as the Poisson ratio ν, Young’s modulus E
and the cantilever thickness t. The radius of the curvature R of the cantilever
characterizes bending, see Eq. 2. As shown in the drawing in Fig. 2, the ac-
tual cantilever displacement ∆x is transformed into a displacement ∆d on
the position sensitive detector (PSD). The position of a light spot on a PSD is
determined by measuring the photocurrents from the two facing electrodes.
The movement of the light spot on the linear PSD is calculated from the two
currents I1 and I2 and the size L of the PSD by

∆d =
I1 – I2

I1 + I2
× L

2
. (4)

As all angles are very small, it can be assumed that the bending angle of the
cantilever is equal to half of the angle θ of the deflected laser beam, i.e., θ/2.
Therefore, the bending angle of the cantilever can be calculated to be

θ

2
=

∆d
2s

, (5)
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Fig. 2 Beam-deflection concept to determine microcantilever bending with an accuracy of
one nanometer

where s is the distance between the PSD and the cantilever. The actual can-
tilever deflection ∆x is calculated from the cantilever length l and the bending
angle θ/2 by

∆x =
θ/2
2

× l . (6)

The combination of Eqs. 5 and 6 relates the actual cantilever deflection ∆x to
the PSD signal:

∆x =
l×∆d

4s
. (7)

The relation between the radius of curvature and the deflection angle is

θ

2
=

l
R

, (8)

and after a substitution becomes

R =
2ls
∆d

or R =
2∆x

l2
. (9)

1.3
Realization of an Optical Beam-Deflection Setup

A measurement setup for microcantilever arrays consists of four main parts:
1. the measurement chamber hosting the microcantilever array, 2. an optical
or piezoresistive system to detect the cantilever deflection (e.g., laser sources,
collimation lenses and a PSD), 3. electronics to amplify, process, and acquire the
signals from the PSD, and 4. a gas- or liquid-handling system to reproducibly
inject samples into the measurement chamber and purge the chamber.
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Figure 3 shows a realization of a setup for experiments performed in (a) li-
quid (biochemical) and (b) gaseous environment. The microcantilever sensor
array is hosted in an analysis chamber of 20 µl in volume, with inlet and outlet
ports for gases or liquids, respectively. The bending of the microcantilevers is
measured using an array of eight vertical-cavity surface-emitting lasers (VC-
SELs) arranged at a linear pitch of 250 µm that emit at a wavelength of 760 nm
into a narrow cone of 5 to 10◦.

Fig. 3 a Realization of a static mode beam-deflection microcantilever-array sensor setup
for measurements in liquids. A HPLC 6-way valve is used to select a liquid sample, which
is pulled through teflon tubing into the measurement chamber hosting the microcan-
tilever array, until it is collected in the waste pump. The microcantilever bending is
measured using optical beam deflection involving VCSELs and a PSD. The location of the
laser spot indicating microcantilever bending is processed and digitized using measure-
ment electronics and a data acquisition card in a personal computer. b For measurements
of vapors and gases the liquid handling system is replaced by a gas handling system
consisting of mass flow controllers and syringe pumps for a supply of gaseous samples
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The light of each VCSEL is collimated and focused onto the apex of the cor-
responding microcantilever by a pair of achromatic doublet lenses, 12.5 mm
in diameter. This size was selected in order to make sure that all eight laser
beams pass through the lenses close to its center in order to minimize scatter-
ing, chromatic, and spherical aberration artifacts. The light is then reflected
off the gold-coated surface of the cantilever and hits the surface of a PSD.
As only a single PSD is used, the eight lasers cannot be switched on sim-
ultaneously. Therefore, a time-multiplexing procedure is used to switch the
lasers on and off sequentially at typical intervals of 10–100 ms. The result-
ing deflection signal is digitized and stored together with time information on
a personal computer (PC), which also controls the multiplexing of the VCSELs
as well as the switching of the valves and mass flow controllers used for setting
the composition ratio of the analyte mixture.

The measurement setup for liquids consists of a poly-etheretherketone
(PEEK) liquid cell, which contains the cantilever array and is sealed by a vi-
ton O-ring and a glass plate. The VCSELs and the PSD are mounted on a metal
frame around the liquid cell. After preprocessing the position of the deflected
light beam using a current-to-voltage converter and amplifier stage, the sig-
nal is digitized in an analog-to-digital converter and stored on a PC. The
liquid cell is equipped with inlet and outlet ports for liquids. They are con-
nected via 0.18 mm of i.d. teflon tubing to individual thermally-equilibrated
glass containers, in which the biochemical liquids are stored. A six-position
valve allows the inlet to the liquid chamber to be connected to each of the
liquid-sample containers separately. The liquids are pulled through the liquid
chamber by means of a syringe pump connected to the outlet of the cham-
ber. A peltier element located beneath the microcantilever array in the PEEK
chamber allows regulating the temperature within the chamber. The entire
experimental setup is housed in a temperature-controlled box regulated with
an accuracy of 0.01 K to the target temperature.

2
Operating Modes

A microcantilever sensor is a versatile tool for the investigation of various
sample properties and allows to follow reactions occurring on its surface. Var-
ious operating modes have been presented.

2.1
Static Mode

Gradual bending of a microcantilever with molecular coverage is referred to
as operation in the “static mode”. Various environments are possible, such
as vacuum, ambient environment, and liquids. In a gaseous environment,
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molecules adsorb on the functionalized sensing surface and form a molecu-
lar layer, provided there is affinity for the molecules to adhere to the surface.
Polymer sensing layers show a partial sensitivity, because molecules from
the environment diffuse into the polymer layer at different rates, mainly de-
pending on the size and solubility of the molecules in the polymer layer.
By selecting polymers among a wide range of hydrophilic/hydrophobic lig-
ands, the chemical affinity of the surface can be influenced, because different
polymers vary in diffusion suitability for polar/unpolar molecules. Thus, for
detection in the gas phase, the polymers can be chosen according to the de-
tection problem, i.e. what the applications demand. Typical chemicals to be
detected are volatile organic compounds (VOCs).

Static-mode operation in liquids, however, usually requires rather specific
sensing layers, based on molecular recognition, such as DNA hybridization or
antigen-antibody recognition.

2.2
Dynamic Mode

If the molecules adsorb as a monolayer, the coverage and therewith the mass
adsorbed can be determined from the static deflection signal. More gen-
erally, information on the amount of molecules adsorbed can be obtained
by oscillating the microcantilever at its eigenfrequency. However, the sur-
face coverage is basically not known. Furthermore, molecules on the surface
might be exchanged with molecules from the environment in a dynamic equi-
librium.

In contrast, mass changes can be determined accurately by tracking the
eigenfrequency of the microcantilever during mass adsorption or desorption.
The eigenfrequency equals the resonance frequency of an oscillating micro-
cantilever if its elastic properties remain unchanged during the molecule
adsorption/desorption process and damping effects are negligible. This oper-
ation mode is called the dynamic mode. The microcantilever is used as a mi-
crobalance, as with mass addition on the cantilever surface, the cantilever’s
eigenfrequency will shift to a lower value. The mass change on a rectangular
cantilever is calculated [9] according to

∆m = (k/4π2)× (1/f 2
1 – 1/f 2

0 ) , (10)

where f0 is the eigenfrequency before the mass change occurs, and f1 the
eigenfrequency after the mass change. For the calculation of the spring con-
stant k of the cantilever see Eq. 1.

Mass-change determination can be combined with varying environment
temperature conditions to obtain a method introduced in the literature as
“micromechanical thermogravimetry” [14]. The sample to be investigated is
mounted onto the cantilever. Its mass should not exceed several hundred
nanograms. In case of adsorption, desorption, or decomposition processes,
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mass changes in the picogram range can be observed in real time by tracking
the resonance-frequency shift.

Dynamic mode operation in a liquid environment poses problems, such as
high damping of the cantilever oscillation due to the high viscosity of the sur-
rounding media. This results in a low quality factor Q of the oscillation, and
the resonance frequency shift is difficult to track with high resolution. The
quality factor is defined as

Q = 2∆f /f0 , (11)

whereas in air a frequency resolution of below 1 Hz is easily achieved, reso-
lution values of about 20 Hz are already to be considered very good for
measurements in a liquid environment. In the case of damping or changes
of the elastic properties of the cantilever during the experiment, e.g., a stiff-
ening or softening of the spring constant by adsorption of a molecule layer,
the measured resonance frequency will not be exactly the same as the eigen-
frequency, and the mass derived from the frequency shift will be inaccurate.
Unlike in ultrahigh vacuum conditions [19, 20], where resonance frequency
is equal to eigenfrequency, these terms should be carefully distinguished
for operation in a large damping environment, as described, for example,
in [21].

2.3
Heat Mode

For a microcantilever that is coated with metal layers, thermal expansion dif-
ferences in cantilever and coating layer will have to be taken into account, as
they will further influence cantilever bending as a function of temperature.
This mode of operation is referred to as “heat mode” and causes cantilever
bending because of differing thermal expansion coefficients in sensor layer
and cantilever materials [8]:

∆z = 1.25× (α1 – α2)× (t1 + t2)/t2
2κ × l3P/(α1t1 + α2t2)w . (12)

Here α1, α2 are the thermal expansion coefficients of the microcantilever and
coating materials, t1, t2 the material thicknesses, P is the total power gener-
ated on the cantilever, and κ a geometry parameter of the cantilever device.

Heat changes are either caused by external influences, such as a change in
temperature, occur directly on the surface by exothermal, e.g., catalytic, re-
actions, or are due to material properties of a sample attached to the apex
of the cantilever (micromechanical calorimetry). The sensitivity of the can-
tilever heat mode is orders of magnitude higher than that of traditional
calorimetric methods performed on milligram samples, as it only requires
nanogram amounts of sample and achieves nanojoules [9] to picojoules [22,
23] sensitivity.
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These three measurement modes have established cantilevers as versatile
tools to perform experiments in nanoscale science with very small amounts
of material.

2.4
Photothermal Spectroscopy

When a material adsorbs photons, a fraction of energy is converted into heat.
This photothermal heating can be measured as a function of the light wave-
length to provide optical absorption data of the material. The interaction of
light with a bimetallic cantilever creates heat on the cantilever surface, result-
ing in a bending of the cantilever [24]. Such bimetallic-cantilever devices are
capable of detecting heat flows due to an optical heating power of 100 pW,
being two orders of magnitude better than in conventional photothermal
spectroscopy.

2.5
Electrochemistry

A cantilever coated with a metallic layer (a measurement electrode) on one
side is placed in an electrolytic medium, e.g., a salt solution, together with
a metallic reference electrode, usually made of a noble metal. Variations of the
voltage between measurement and reference electrode induce electrochem-
ical processes on the measurement electrode (cantilever), e.g., the adsorption
or desorption of ions from the electrolyte solution onto the measurement
electrode. These processes lead to a bending of the cantilever according to the
Shuttleworth equation relating stress, surface energy, and its derivative with
respect to strain [25].

3
Functionalization

It is essential that the surfaces of the cantilever are coated in a proper way
to provide suitable receptor surfaces for the molecules to be detected. Such
coatings should be specific, homogeneous, stable, reproducible, and either
reusable or designed for single use only. For static mode measurements, one
side of the cantilever should be passivated for blocking unwanted adsorption.
Often, the cantilever’s upper side, the sensor side, is coated with a 20 nm thick
layer of gold to provide a platform for the binding of receptor molecules, for
example via thiol chemistry, whereas the lower side is passivated using silane
chemistry for coupling an inert surface such as poly-ethylene glycol silane.
Silanization is performed first on the silicon microcantilever. Then, a gold
layer is deposited on the top side of the cantilever, leaving the lower side un-
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Fig. 4 Major operating modes of microcantilever sensors: a static mode exploiting surface
stress changes, b dynamic mode to extract mass changes, c heat mode for determin-
ing phase transitions and heat capacity effects of a sample attached to the cantilever,
d photothermal spectroscopy taking advantage of light-induced interactions with the can-
tilever coating, e electrochemistry, f detection of forces between the microcantilever and
an external sample

changed. It is very important that the method of choice is fast, reproducible,
reliable, and allows one or both cantilever surfaces to be coated separately.
Various ways are reported to coat a cantilever with molecular layers. Here,
two different strategies are highlighted.

3.1
Coating in Microcapillary Arrays

A convenient method to coat microcantilevers with probe molecules is the in-
sertion of the cantilever array into an array of dimension-matched disposable
glass capillaries. The outer diameter of the glass capillaries is 240 µm so that
they can be placed neatly next to each other to accommodate the pitch of the
cantilevers in the array (250 µm). Their inner diameter is 150 µm, allowing
sufficient room to insert the cantilevers (width: 100 µm) safely (Fig. 5). This
method has been successfully applied for the deposition of a variety of mate-
rials onto cantilevers, such as polymer solutions [26], self-assembled mono-
layers [27], thiol-functionalized single-stranded DNA oligonucleotides [28–
30], and proteins [31, 32]. Incubation of the microcantilever array in the
microcapillaries takes from a few seconds (the self-assembly of alkanethiol
monolayers) to several tens of minutes (coating with protein solutions). The
microcapillary functionalization unit may be placed in an environment of sat-
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Fig. 5 Functionalization stage for coating microcantilevers with self-assembled monolay-
ers, for example. Microcapillaries filled with the solutions containing the probe molecules
transport the liquid via capillarity to the cantilevers, whereby each microcantilever is in-
serted into one microcapillary. Therefore, no cross-contanination of liquids will occur.
The location of the microcantilever array is indicated by a circle

urated vapor of the solvent used for the probe molecules to avoid drying out
of the solutions.

3.2
Coating Using an Inkjet Spotter

Coating in microcapillary arrays requires the manual alignment of the micro-
cantilever array and the functionalization tool, and is therefore not suitable
for coating large numbers of cantilever arrays. Moreover, upper and lower
surface of microcantilevers are exposed to the solution containing the probe
molecules. For ligands that bind covalently, e.g., by gold-thiol coupling, only
the upper surface will be coated, provided the gold layer has only be applied
on the upper surface of the microcantilever. For coating with polymer layers,
microcapillary arrays are not suitable, because both surfaces of the microcan-
tilever would be coated with polymer layers, being inappropriate for static
mode measurements, where an asymmetry between the upper and lower sur-
face is required.

A method appropriate for coating many cantilever sensor arrays in a rapid
and reliable way is inkjet spotting [33, 34]; see Fig. 6. An x–y–z positioning
system allows a fine nozzle (capillary diameter: 70 µm) to be positioned with
an accuracy of approx. 10 µm over a cantilever. Individual droplets (diam-
eter: 60–80 µm, volume 0.1–0.3 nl) can be dispensed individually by means
of a piezo-driven ejection system in the inkjet nozzle. When the droplets
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Fig. 6 Single-sided microcantilever coating using an inkjet spotter. The amount of liquid
containing the probe molecules can be dosed accurately by choosing the number of drops
being ejected from the nozzle

are spotted with a pitch smaller than 0.1 mm, they merge and form contin-
uous films. By adjusting the number of droplets deposited on cantilevers, the
resulting film thickness can be controlled precisely. The inkjet-spotting tech-
nique allows a cantilever to be coated within seconds and yields very homo-
geneous, reproducibly deposited layers of well-controlled thickness. The suc-

Fig. 7 Optical microscopy image of a polymer-coated microcantilever array for applica-
tion as an artificial nose for solvents. The pitch between microcantilevers is 250 micron
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cessful coating of self-assembled alkanethiol monolayers, polymer solutions,
self-assembled DNA single-stranded oligonucleotides [34], and protein layers
has been demonstrated. Figure 7 shows a polymer coated microcantilever ar-
ray for the chemical vapor detection experiments described in the following
section. In conclusion, inkjet spotting has turned out to be a very efficient
and versatile method for functionalization that can even be used to coat
arbitrarily-shaped sensors reproducibly and reliably [35, 36].

4
Applications

The applications of microcantilever sensors are manifold: gas sensing, the
quality control of chemicals, food, and air as well as process monitoring and
control, just to give a few examples. As an artificial nose, cantilever array sen-
sors can characterize odors and vapors and may be used to assist fragrance
design. Due to its extremely high sensitivity, the technique has a large poten-
tial to be applied for drugs and explosives detection, as well as for forensic
investigations. In a liquid environment, its major applications are in biochem-
ical analysis and medical diagnosis.

4.1
Chemical Vapor Detection

Sensors for the reliable detection of solvent vapors are important in chemical
process technology, e.g., for safe handling during storage and the transport
of large amounts of solvents in containers. A fast test is needed to iden-
tify solvents in transport containers. Such a test might be realized using
polymer-coated microcantilever sensors. In a laboratory setup, 0.1 ml of var-
ious solvents was placed in vials, and the vapor from the headspace above the
liquid was sampled using microcantilever sensors, operated in static deflection
mode as a kind of artificial nose. The detection of vapors takes place via the
diffusion of the vapor molecules into the polymer, resulting in a swelling of the
polymer and a bending of the cantilever. Each cantilever is coated with a dif-
ferent polymer or polymer blend (see Fig. 7). The bending is specific for the
interaction between solvent vapor and polymer time- and magnitude-wise.

Cantilever deflection traces upon subsequent injection of solvent vapor for
30 s and purging with dry nitrogen for 150 s are shown in Fig. 8 for (a) water,
(b) ethanol, and (c) methanol.

The cantilever deflections at 10, 20, 30, and 40 seconds after the comple-
tion of the solvent vapor injection are extracted. They describe the time-
development of the curves in a reduced data set, i.e., 8×4 = 32 cantilever
deflection amplitudes (“fingerprint”) that account for a measurement data
set. This data set is then evaluated using principal component analysis (PCA)
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Fig. 8� Application of microcantilever array sensors as an artificial electronic nose. Meas-
urement traces of microcantilevers coated with polymers during the detection of a water,
b ethanol, c methanol. For every solvent, four consecutive injections of vapor saturated
with solvent are shown. Upon injection of solvent vapor, the microcantilevers deflect in
a specific way due to the swelling of the polymer layer on exposure to the solvent va-
por. Subsequent purging of the measurement chamber with dry nitrogen gas (flow rate:
100 ml/min) promotes diffusion of the solvent molecules out of the polymer layer, re-
sulting in a bending back of the microcantilevers to the baseline. d Principal component
analysis (PCA) of the response patterns of all eight microcantilevers upon exposure to the
three different solvent vapors. Clear separation of the clusters proves the excellent distinc-
tion capability of the artificial nose setup. Each symbol in the PCA plot corresponds to
one of the injections in a–c

techniques, extracting the most dominant deviations in the responses for
the various sample vapors. The axes refer to projections of the multidimen-
sional datasets into two dimensions (principal components). The labels in the
PCA plot (Fig. 8d) indicate the individual measurements. The PCA plot shows
well-separated clusters of measurements indicating the clear identification of
vapor samples. Even vapor mixtures can be analyzed using PCA [37].

4.2
Explosives Detection

A large effort is also put into the development of inexpensive, highly selec-
tive, and very sensitive small sensors that can be mass-produced and micro-
fabricated. Current miniaturized versions, including ion mobility spectrom-
eters [38] or nuclear quadrupole resonance [39] are bulky. Microcantilever
sensors offer sensitivities more than two orders of magnitude better than
quartz crystal microbalances [40], flexural plate wave oscillators [41], and
surface acoustic wave devices [42]. Several approaches to detect dangerous
chemicals are already described in the literature: photomechanical chem-
ical microsensors based on adsorption-induced and photo-induced stress
changes due to the presence of diisopropyl methyl phosphonate (DIMP),
which is a model compound for phosphorous-containing chemical warfare
agents, and trinitrotoluene (TNT), an explosive [43]. Further explosives fre-
quently used include pentaerythritol tetranitrate (PETN) and hexahydro-
1,3,5-triazine (RDX), often also with plastic fillers [44]. These compounds
are very stable, if no detonator is present. Their explosive power, however, is
very large, and moreover, the vapor pressures of PETN and RDX are very low,
in the range of ppb and ppt. By functionalizing microcantilevers with self-
assembled monolayers of 4-mercaptobeonzoic acid (4-MBA) PETN was de-
tected at a level of 1400 ppt and RDX at a level of 290 ppt [44]. TNT was found
to readily stick to Si surfaces, suggesting the use of microcantilevers for TNT
detection, taking advantage of the respective adsorption/desorption kinet-
ics [45, 46]. The detection of TNT via deflagration on a microcantilever is de-
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Table 1 Polymer coatings

Cantilever Polymer Full name of compound

1 PSS Poly(sodium 4-styrenesulfonate)
2 PEI Polyethylenimine
3 PAAM Poly(allylamine hydrochloride)
4 CMC Carboxymethylcellulose sodium salt
5 Dextran Dextran from Leuconostoc spp.
6 HPC Hydroxypropyl cellulose
7 PVP Polyvinylpyrrolidone
8 PEO Poly(2-ethyl-2-oxazoline)

scribed by Pinnaduwage et al. [47]. They used piezoresistive microcantilevers
where the cantilever deflection was measured optically via beam deflection.
TNT vapor from a generator placed 5 mm away from the microcantilever
was observed to adsorb on its surface resulting in a decrease of resonance
frequency. Application of an electrical pulse (10 V, 10 ms) to the piezoresis-
tive cantilever resulted in deflagration of the TNT vapor and a bump in the
cantilever bending signal. This bump was found to be related to the heat pro-
duced during deflagration. The amount of heat released is proportional to the
area of the bump in the time vs. bending signal diagram of the process. The
deflagration was found to be complete, as the same resonance frequency as
before the experiment was observed. The amount of TNT mass involved was
determined as 50 pg. The technique was later extended to the detection of
PETN and RDX, where a much slower reaction kinetics was observed [48, 49].
Traces of 2,4-dinitrotoluene (DNT) in TNT can also be used for detection
of TNT, because it is the major impurity in production grade TNT. Further-
more DNT is a decomposition product of TNT. The saturation concentration
of DNT in air at 20 ◦C is 25 times higher than that of TNT. DNT was reported
to be detected at the 300 ppt level using polysiloxane polymer layers [50]. The
microfabrication of electrostatically actuated resonant microcantilever beams
in CMOS technology for detection of the nerve agent stimulant dimethyl-
methylphosphonate (DMMP) using polycarbosilane-coated beams [51] is an
important step towards an integrated platform based on silicon microcan-
tilevers, which, besides compactness, might also include telemetry [52].

5
Recent Literature and Outlook

In recent years the field of cantilever sensors has been very active. Some
recent developments are reviewed in [53–58]. Major topics published in-
clude the following studies: the fabrication of silicon piezoresistive [59, 60] or
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polymer [61] cantilevers, detection of vapors and volatile compounds, e.g.,
mercury vapor [62], HF vapor [63, 64], chemical vapors [65], as well as the
development of gas sensors based on the piezoresistive concept [66]. Pd-
based sensors for hydrogen [67], deuterium and tritium [68] are reported,
as well as sensors taking advantage of the sensing properties of hydro-
gels [69] or zeolites [70]. A humidity sensor is suggested in [71]. A field of
growing interest is the detection of explosives [47], pathogens [72], nerve
agents [73], viruses [74], bacteria, e.g., E. coli, [75], and pesticides such as
dichlorodiphenyltrichloroethane (DDT) [76]. The issues of detection of en-
vironmental pollutants are discussed in [77]. A chemical vapor sensor based
on the bimetal technique is described in [78]. The measurement of electro-
chemical redox reactions with cantilevers is reported [79]. In biochemical
applications, detection of DNA [80, 81], proteins [82], prostate-specific anti-
gen (PSA) [83], peptides using antibodies [84] and living cells [85] is possible.
Medical applications involve diagnostics [86], drug discovery [87], and the
detection of glucose [88]. To increase the complexity of microcantilever ap-
plications, two-dimensional microcantilever arrays have been proposed for
multiplexed biomolecular analysis [89, 90].

For measurements in gaseous environment, a sensor application in dy-
namic mode of piezoelectric cantilevers for an ultrasensitive nanobalance
is reported [91]. Micromolded plastic microcantilevers are proposed for
chemical sensing [92], as well as micromachined silicon microcantilevers for
gas sensing based on capacitive read-out [93]. In chemical sensing, ligand-
functionalized microcantilevers for characterization of metal ion sensing are
presented [94], and an array of flexible microcantilever beams is used to
observe the action of rotaxane based artificial molecular muscles [95]. The
importance of homeland security is discussed in [51], where electrostatically
actuated resonant microcantilever beams in CMOS technology are utilized for
the detection of chemical weapons. An integrated sensor platform for home-
land defense based on silicon microcantilevers is described in [52]. In the
field of electrochemistry, microcantilevers have been used to measure redox-
induced surface stress [96], and a differential microcantilever-based system
for measuring surface stress changes induced by electrochemical reactions
has been presented [97].

Many publications concern biochemical applications, such as a label-
free immunosensor array using single-chain antibody fragments [32] and
the label-free analysis of transcription factors using microcantilever ar-
rays [98]. Microcantilevers modified by horseradish peroxidase intercalated
nano-assembly have been applied for hydrogen peroxide detection [99], and
the detection of cystamine dihydrochloride and glutaraldehyde [100, 101].
Furthermore, a back-propagation artificial neural network recognition study
of analyte species and concentration has been presented [102].

Cantilever sensors for nanomechanical detection have been used for the
observation of specific protein conformation changes [103]. In the field of
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DNA hybridization detection, the chemomechanics of surface stresses in-
duced by DNA hybridization has been studied [104] and the grafting density
and binding efficiency of DNA and proteins on gold surfaces has been charac-
terized and improved [105]. An electrostatic microcantilever array biosensor
has been applied for DNA detection [106], and microcantilever sensors for
DNA hybridization reactions or antibody-antigen interactions without using
external labels have been tested in dynamic mode [107].

An immunoassay of prostate-specific antigen (PSA) exploiting the res-
onant frequency shift of piezoelectric nanomechanical microcantilevers is
reported [108], as well as phospholipid vesicle adsorption measured in situ
using resonating cantilevers in a liquid cell [109]. Microcantilevers have been
utilized to detect bacillus anthracis [110], and glucose oxidase multilayer
modified microcantilevers can measure glucose [111].

Effort has been put into the refinement of the cantilever sensor method:
a dimension dependence study of the thermomechanical noise of micro-
cantilevers is available to determine the minimal detectable force and sur-
face stress [112]. Furthermore, the geometrical and flow configurations for
enhanced microcantilever detection within a fluidic cell have been investi-
gated [113]. A microcapillary pipette-assisted method to prepare polyethy-
lene glycol-coated microcantilever sensors has been suggested [114] and the
role of material microstructure in plate stiffness with relevance to microcan-
tilever sensors has been studied [115]. Double-sided surface stress cantilever
sensors for more sensitive cantilever surface stress measurement have been
proposed [116].

Enhanced microcantilever sensor techniques involve a biosensor based
on magnetostrictive microcantilevers [117], the piezoelectric self-sensing of
adsorption-induced microcantilever bending [118], the optical sequential
readout of microcantilever arrays for biological detection achieved by scan-
ning the laser beam [119], and cysteine monolayer modified microcantilevers
to monitor flow pulses in a liquid [120]. The photothermal effect has been
used to study dynamic elastic bending in microcantilevers [121]. For dynamic
mode, temperature and pressure dependence of resonance in multi-layer mi-
crocantilevers have been investigated [122] and the inaccuracy in the detec-
tion of molecules has been discussed [123].

The influence of surface stress on the resonance behavior of microcan-
tilevers in higher resonant modes has been studied [124] and an alternative
solution has been proposed to improve the sensitivity of resonant micro-
cantilever chemical sensors by measuring in high-order modes and reducing
geometrical dimensions [125]. A modal analysis of microcantilever sensors
with environmental damping is reported [126]. Furthermore, theoretical work
is available on the simulation of adsorption-induced stress of a microcantilever
sensor [127], the influence of nanobubbles on the bending of microcan-
tilevers [128], the modeling and simulation of thermal effects in flexural
microcantilever resonator dynamics [129], and surface stress effects related to
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the resonance properties of cantilever sensors [130]. Further information about
the origin of the signal in microcantilever sensors, especially diffusion proper-
ties, is found in [131]. Finally, a review on nanotechnologies for biomolecular
detection and medical diagnostics appeared [132].

Cantilever array sensors might be one of the solutions to the demand for
miniaturized, ultrasensitive and fast-responsive sensors for application in gas
detection, and surveillance, as well as in biochemistry and medicine. For their
reliable use, some technical issues have still to be resolved, e.g., the simplifica-
tion of the alignment procedure, which is related to the optical beam deflection
readout. Here, the integration possibilities with piezoresistive microcantilevers
are much higher than for those based on optical beam-deflection. Silicon ni-
tride coating [133] is a promising strategy to obtain the durable protection of
piezoresistive microcantilevers, even in biochemical solutions.

Furthermore, the periphery for measurements with microcantilever array
sensors is required to be miniaturized as well, whereby microfluidic concepts
have to be integrated with the microcantilever array. Further downscaling
is theoretically favorable as the sensitivity of the devices improves, but it
also poses technical challenges to determine deflection signals from such tiny
structures. The use of a few hundred nanometer long and a few ten nanome-
ter thick nanocantilevers has been reported to yield a dramatical increase
in performance [134, 135], but their practical use becomes very complicated,
e.g., as far as the functionalization, the sample handling, and the readout are
concerned. The field is open to welcome completely new ideas for efficient
working procedures for nanocantilever sensors.
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